We tested the links among biodiversity, habitat heterogeneity and physical stress in a system of artificial rock pools on the north coast of Jamaica that mimic natural aquatic invertebrate communities. The experimental design consisted of three tiers of small plastic pools arranged at increasing distances from the shore. As a result of community development over six months (January to June 1997), we observed considerable differentiation of physical conditions among replicate habitats at the benign end of the physical gradient, with a concurrent increase in biodiversity (species richness per habitat unit). The most probable explanation for this observed gradient is self-generated habitat heterogeneity that, in turn, promotes biodiversity, likely through species interactions. Using additional analyses, including randomization techniques, we excluded the effects of sample size and external factors as sources for the observed increase in biodiversity in the third tier (furthest from the sea). We interpret this result as evidence for the complex causal relationship among physical stress, habitat heterogeneity and biodiversity.
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Stressful environments often have low species diversity. Stress has negative effects on biodiversity by reducing productivity, individual survival and colonization (slow and difficult for species without special adaptations) (Colinvaux 1986 ). Specific causes of stress differ among habitats and taxa, but the impacts of stress tend to interfere with species performance and may result from nutrient deficiency, excessive or inadequate physical conditions, and intensive grazing or predation. Stress has been correlated with both the decline of diversity with elevation (Yoda 1967 , Whittaker 1977 ) and the latitudinal gradient from the tropics to the poles (Wallace 1878 , Fischer 1960 . Various explanations, including different levels of heterogeneity, have been cited in ecology textbooks to account for diversity gradients.
Both spatial and temporal habitat heterogeneity affect the structure and dynamics of ecological communities (Kolasa and Pickett 1991, Tilman 1994 ) by increasing species diversity in terrestrial and aquatic systems (MacArthur and MacArthur 1961 , Downing 1991 , Huston 1994 . This increase, known as the rescue effect (Gotelli 1991) or the mass effect (Shmida and Wilson 1985) , arises through various mechanisms such as differential use of microhabitats in space and time and inter-habitat migration (Jobbagy et al. 1996) . The scale and degree of heterogeneity within a landscape are perceived differently by different organisms (Harmon et al. 1986 , Wiens 1994 , Knaapen et al. 1996 . Heterogeneity promotes diversity at different scales (Arita 1997 , Vivian-Smith 1997 and rare species appear to benefit more than common species (Vivian-Smith 1997) . How local diversity is related to biogeographic gradients remains unanswered (Davidovitz and Rosenzweig 1998) .
Recently, biodiversity has received much attention from both conservationists and ecologists and has been addressed by microcosm studies (McGrady-Steed et al. 1997) . Globally, habitat heterogeneity decreases as physical stress increases due to human impacts (Botsford et al. 1997 , Chapin et al. 1997 , Dobson et al. 1997 Matson et al. 1997 , Noble and Dirzo 1997 , Vitousek et al. 1997 . Both habitat heterogeneity and physical stress are implicated in species biodiversity and we need to gain a better understanding of how diversity is promoted, how habitat heterogeneity and physical stress are related, and how biodiversity will be affected if their direction and/or intensity change. Interactions between the two may help assess the effects of habitat change on biodiversity.
Methods and materials
We evaluated links among biodiversity (as species richness, S), habitat heterogeneity and physical stress using 48 experimental, artificial rock pools arranged in three tiers (or blocks) located near the Discovery Bay Marine Laboratory on the north coast of Jamaica. This microcosm system accumulated species via natural colonization over a period of six months (January 1997 to June 1997) and produced a habitat heterogeneity gradient that negatively correlated with the initial physical stress gradient. The most stressful environment was near the ocean and the least stressful environment was in the coastal scrub forest.
Faunal samples were collected in one day by obtaining 250 ml of water and sediments from the pool (slightly stirred to dislodge organisms from the pool walls and to homogenize their distribution) and passed through a 63-mm net. Organisms were caught in a collecting container and immediately preserved in 60% ethanol. Invertebrates sampled included worms, crustaceans, and aquatic insect larvae and pupae. A total of 13 species were identified in the 48 pools. Physical variables describing pool conditions including temperature, salinity, dissolved oxygen, and pH were measured at the time of biotic sampling. Measurements for all pools were completed within one hour.
The experimental design consisted of three tiers (3 m, 11 m and 21 m from the ocean respectively) and each tier consisted of two rows with eight pools (3 L volume) per row, totaling 48 identical artificial plastic pools embedded in concrete. Pool biodiversity represented the end point of community development from January to June of 1997.
We adopted a proxy measure of stress that was the inverse of the mean combined species abundance in each pool pair (see below) on the assumption that such a combined abundance realistically reflects the overall quality of conditions within each pool. Given that aquatic organisms generally respond positively (i.e. increasing abundance) when physical stress is low, species abundances allow for a quantification of the level of stress in this system. This measure coincided with the gradient of physical conditions from the ocean's edge inland.
Habitat heterogeneity was quantified as the variability in Principal component analysis (PCA) scores obtained from data on pool temperature, salinity, pH, and dissolved oxygen. Again, this variability was calculated pairwise for adjacent pools in both directions, within each tier. Therefore, an extreme measurement for any single pool would not bias the results.
Since the communities were allowed to develop naturally (pools were dry at the start of the experiment), the initial habitat heterogeneity data were collected during an earlier study where communities of different invertebrates (from the same species pool) were randomly distributed over the 48 artificial rock pools. Half of the introduced communities were an identical mixture of species and half were transplants from natural pools. The habitat data collected at the conclusion of this study illustrate the degree to which the biological communities modify their habitat and increase pool heterogeneity.
Statistical analyses were completed using Statistica and SAS at a significance level of a = 0.05.
Results
The tiers differed significantly in levels of physical stress (df = 2, 43, F=5.93, p= 0.0053) and species richness or biodiversity (df= 2, 43, F=17.45, pB 0.0001). As expected, species diversity was affected by both physical stress and habitat heterogeneity (Fig. 1) . Species diversity increased (df = 2, 43, F=17.45, pB 0.0001) with decreasing levels of stress and with increasing habitat heterogeneity. Furthermore, no gradient existed within Fig. 1 . Biodiversity as a function of physical stress and habitat heterogeneity in a system of artificial rock pools. Biodiversity was measured as species richness, physical stress was represented by the logarithm of abundance and habitat heterogeneity as the variability in PCA scores of pool conditions. observed increase in biodiversity in the third tier was due to differences in factors other than abundance. Differences in habitat heterogeneity is the only factor, of which we are aware, that increases biodiversity.
It is important to note that habitat heterogeneity may be generated by both external factors and by the resident biological community, or their interactions. Data obtained during a previous study using the same experimental set of pools indicated no difference in habitat heterogeneity among tiers at the beginning of an experiment (df = 2, 9, F= 0.59, p=0.58; Fig. 3) . However, the data collected during this study showed a significant difference in habitat heterogeneity among tiers (df =2, 9, F= 11.92, p=0.0030; Fig. 3 ) with the greatest habitat heterogeneity observed in the third tier. Furthermore, we have replicated the experiment in 1998 and collected organic matter on a 1-mm mesh sieve to determine if allochthonous inputs could have produced the heterogeneity differences among pools. We found that the amount of organic matter, primarily leaves, was not significantly greater in Tier 3 compared to Tier 2 (Tier 1 had no leaves and was excluded). While the mean standard deviation among pairs of adjacent pools was larger in the third tier, the relative pool-to-pool differences were smaller (recall that the third tier had the greatest habitat heterogeneity). We conclude that exposure differences due to location alone do not produce significant small-scale heterogeneity. Thus, such heterogeneity must have been generated by the biotic activity in adjacent pools. There were also significant differences in biodiversity between the first two tiers and the third tier (Tiers 1 and 3, p= 0.0001; Tiers 2 and 3, p=0.0001). However, there were no significant differences between Tiers 1 and 2 for either habitat heterogeneity (p=0.91) or biodiversity (p= 0.99). a tier for species abundance or for species richness indicating that the only significant cline of conditions was perpendicular to the shore.
The negative relationship between physical stress and biodiversity may be explained by a positive relationship commonly observed between the number of individuals in a sample and species richness, the rarefaction curve. In order to control for the sample size effect, we created a rarefaction curve by randomizing the biotic community data independently of pool location. This was done by randomizing the biotic data among pools and among species, which allowed us to determine ''new'' species abundances and species richness values for each pool. We also randomized the data within each tier (block randomization) to retain a dependence on location: the same randomization procedure (i.e. among pools and among species) was followed except biotic data were randomized among the 16 pools located within each tier independently. Thus pool location was critical in determining this rarefaction curve. Randomizations were carried out 30 times for both independent and dependent pool communities. By comparing the two curves, we were able to determine if the higher observed biodiversity in the third tier was a function of greater total abundance per pool within this tier. If the higher diversity in the third tier were simply a function of the sampling design, the two curves would be the same. However, we found that the rarefaction curve for data randomized within a tier (different habitat zones) produced more species given the same abundance than the curve for the entire habitat gradient (homogeneity of slopes, transformed as ln [abundance] ; df = 1, 2758, F =337.1, p B0.0001; Fig. 2 ). This indicated that the Fig. 3 . Spatial heterogeneity within groups of pools increased during the course of study (filled bars) and developed a gradient from the ocean's edge inland. Note that initial habitat heterogeneity was constant across tiers (open bars). Again, habitat heterogeneity was measured as the variability in PCA scores of pool conditions. 
Discussion
Biodiversity has a significant influence on the level of habitat heterogeneity. Tiers 2 and 3 are susceptible to similar exogenous factors (i.e. differential shade, wind, and plant debris inputs) and, if the increase in heterogeneity were due to those factors alone, one would expect to find similar levels of habitat heterogeneity between these two tiers. However, the only known difference between Tiers 2 and 3 is biodiversity (S), hence we suggest it had a significant influence on the level of habitat heterogeneity. If this is the case, the biological community contributes significantly to the development of habitat heterogeneity that, in turn, boosts biodiversity. We, therefore, postulate a link among biodiversity, habitat heterogeneity and physical stress as an important factor to consider in assessment of environmental processes promoting or demoting biodiversity.
One plausible interpretation of the experimental results is that communities at the benign end of the gradient developed over progressively divergent trajectories (cf. Samuels and Drake 1997) . This developmental divergence appears to have had a strong effect on physical conditions in individual pools and may have further enhanced differential settlement and persistence of new colonizers. Thus, a low-variation, low-stress environment led to self-generated biodiversity mediated by autogenic spatial heterogeneity. We tested this idea further by examining the individual and combined effects of physical stress and habitat heterogeneity on biodiversity. The interaction effect between stress and heterogeneity on biodiversity was not significant (SAS GLM, df =1, 40, F=1.83, p=0.18 ) but individually, both low physical stress and high habitat heterogeneity contributed significantly to biodiversity (p B0.0001 and p= 0.0011, respectively). It is possible that higher productivity at the benign end of the stress gradient (on average higher observed chlorophyll concentrations) also may have contributed to higher biodiversity by removing energetic constraints and permitting longer food chains (Pimm 1982) . However, it is not clear how higher productivity alone could explain higher spatial heterogeneity. Another mechanism likely to contribute to the differentiation of pools might be cascading trophic relationships. We have often observed, although not quantified, that pools with dragonfly larvae have few midges and high chlorophyll concentrations. However, pools without dragonfly larvae often support many midges and have low chlorophyll concentrations (clear water).
While we identify a probable direct link among low physical stress, self-generated heterogeneity, and biodiversity, we acknowledge that other factors also may be important. Their relative contributions should be evaluated further through field experimentation. It is probable that disturbance, stress, heterogeneity, productivity, and rescue effect all play roles in enhancing and maintaining high species richness, even in a single ecosystem.
Our study adds one more direct and potentially important mechanism through which human-produced environmental stress may reduce biodiversity. If the reverse process is true, then stress-related reduction of heterogeneity might be responsible for species extinctions. Species extinctions may additionally reduce heterogeneity and encourage a cascade of steps leading to further extinctions.
